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Introduction
Amorphous silicon (a-Si) is a well-known photovoltaic (PV) material. In addition to being an earth abundant element, it is a semiconductor material which is well-suited for PV applications. [1] [2] [3] At present, the PV market is dominated by Si solar cells with thickness around ~500 µm or more, where most of the cost is due to the Si material and processing. To fulfill current and future demands of cost-effectiveness, light weight and flexibility, great interest has been shown in ultrathin film (<500 nm) technology. Though efficient ultrathin solar cells can be fabricated by various non-Si semiconductor materials, such as CdTe and GaAs, 4 the low cost and well known processing technology of Si are still envisioned to be advantageous for the cost-to-performance aspect that is seen crucial towards enabling a universal acceptance of solar technology. However, new ideas and approaches are needed to realize this, and here the authors focus on one potential route to Si ultrathin film technology.
Generally, ultrathin solar cell technology has an inherent limitation that the absorption of light is low and it directly affects the overall solar efficiency. 5 In Si thin film solar cells, a large fraction of the solar spectrum, in particular, the intense 500-1100-nm spectral range is poorly absorbed. The traditional methods that are used to increase the light trapping efficiency of thick solar cells, such as surface texturing, cannot be used for ultrathin films because surface texturing amplitudes are of the order of few microns. Alternative approaches involving surface roughening also do not appear suitable because of the larger surface recombination at rough surfaces. 6 Several works have been reported to achieve improved light trapping in Si thin films by placing Au, Ag, SiO 2 and TiO 2 nanoparticles (NPs) on/inside Si thin films, 4, 7, 8 which lead to various advantages, such as increase in optical length in Si due to plasmonic scattering, enhanced absorption in a broadband and thus increased electronhole pair generation, as well as internal gettering in Si. 9, 10 Recent studies [11] [12] [13] have also suggested that NPs placed inside Si, that enhance absorption in the weakly absorbing regime of intrinsic Si (i.e., wavelengths > 600 nm) could lead to even more efficient solar cells. However, despite the obvious affect of such optically active NPs on solar energy harvesting, there is need to find more costeffective materials.
Based on theoretical models of optical mixing 14 and materials science considerations (thermal and electrical stability), 15 the authors have identified that metal silicide NPs, in particular nickel silicides, are potential candidates for strong solar absorption. Silicide formation is the natural consequence of thermal processing (thermal annealing between 400 and 1000°C), which is a needed step to activate dopants in Si. 16, 17 Thus, it makes metal silicides a convenient choice for candidate NPs to embed into Si thin films. Therefore, in the present study, the authors have investigated the incorporation of Ni metal in Si, and its subsequent thermal annealing at 500 and 800°C, in order to create nickel di-silicide (NiSi 2 ) silicide NPs 16, 18, 19 . The optical behavior of these Si films was analyzed over the visible (350-750 nm) and the infrared (750-3000 nm) wavelengths to obtain the quantitative absorption profiles. Microstructure characterization techniques, such as bright field (BF) imaging, high-angle annular dark field (HAADF) imaging and electron energy-loss spectroscopy (EELS) in aberration corrected scanning transmission electron microscope (STEM) were used to analyze the microstructure and compositional information of Ni silicide embedded thin Si films. Furthermore, these details are used as inputs to an optical model based on the effective dielectric approach to theoretically understand the optical behavior. 14, 20 From such studies, the authors expect to identify the relevance of Nickel silicide nanostructures within ultrathin Si films that could be advantageous towards increasing the absorption over a broad band for solar energy harvesting.
Experimental procedures
The thin films were deposited on p-type Si(100) consisting of a 1·7 nm thick native oxide layer as well as on fused quartz substrates by rf-magnetron sputtering system in high vacuum (5 × 10 −7 Torr base pressure). Ni and Si were first cosputtered on the substrates at different rates in order to vary composition of the co-deposited Ni-Si thin film. The total film thickness was maintained at ~20 nm in each case. The sputtering rates were controlled by the power applied to each target material. Si was deposited at constant power of 200 W, however, the nickel concentration was varied by sputtering at 5, 10 and 20 W for Ni for different samples. The Ni composition in the co-deposited films was estimated to be 8, 16 and 32 volume%, respectively, as shown in Table 1 . A top layer of 40-nm thick Si (at 200-W power) was deposited over the co-deposited Ni-Si film to encapsulate as well as control the final Ni concentration. F20-UV thin film analyzer (Filmetrics Inc., San Diego, CA, USA) was used to measure the film reflectance spectra and also determined the sputter deposition rates. The thin film samples (Ni-Si + Si) were subsequently annealed at 500 and 800°C for
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Annealing temperature 500°C 800°C
NS5, annealing temperature at 500°C; NS8, annealing temperature at 800°C. 1 h in inert N 2 atmosphere to synthesize Ni silicide (NiSi x ) NPs inside the Si film. All the samples were assigned sample labels based on the Ni-Si composition and annealing temperature as shown in Table 1 . Subsequent to the synthesis, the samples were optically characterized, which was carried out using a Cary 5000 spectrometer (Varian Inc., Palo Alto, CA, USA) between 300 and 3000 nm wavelengths. The samples for optical measurements were made on fused quartz substrates. The crystalline structure and elemental distribution in selected samples were further examined by BF, HAADF imaging and EELS in third order aberration corrected STEM (VG HB501UX) operating at 100 KV. The crosssectional view transmission electron microscope (TEM) samples were prepared by mechanical polishing followed by ion milling. Mechanical polishing was done by using the Multiprep system from Allied High Tech Products Inc., Compton, CA, USA to thin down the sample down to 25-μm thickness. Further processing was done by twin-jet ion milling in Gatan's Precision Ion Polishing System to make sufficiently thin (50-100 nm) samples for the TEM and EELS studies. 21 
Results and discussions

Synthesis
Si thin films embedded with NPs were synthesized by depositing layered film systems (Ni-Si + Si) followed by annealing at various temperatures as described in experimental section and noted in Table 1 . The HAADF micrographs are shown in Figure  1 (a)-(c) for cases corresponding to samples NS8(1-3), respectively. It was confirmed that NPs were formed inside a-Si matrix following the annealing process. It is worth mentioning that Si did not crystallize in all the cases following annealing at the high temperatures (500 and 800°C). It is likely that the annealing time was not sufficient for Si crystallization in presence of silicide NPs, as reported earlier by Hayzelden and Batstone. 16 It was evident from the TEM studies that the density of NPs in a-Si film increased with increasing Ni concentration (from sample NS8-1 to NS8-3), and eventually turned to a continuous multicrystalline layer of NPs. The TEM analysis was done for all the samples in Table 1 and the results of a statistical length scale analysis of the average particle size and layer thickness is shown in Table 2 . As shown in Table 2 , nanoparticle size (d) varies in different samples. This is most likely due to the difference in concentration of Ni which will influence the nucleation and growth rates of silicide nanoparticle forming during the annealing process. Furthermore, to understand the optical (and eventually PV) properties of NP embedded a-Si films, it is important to identify the structure and composition of these NPs. The microstructure and various interfaces of NPs were studied at high resolution. To further confirm, the composition of the synthesized Ni silicide NPs, electron energy-loss spectroscopic analysis was performed. In order to quantitatively analyze the elemental distribution of Ni and Si within the NPs, EELS spectra were collected for Ni L 2,3 edge at 855 eV and Si K 1 edge at 1839 eV by using 1 eV/ Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution
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channel dispersion. The EELS spectra were also recorded at L 2,3 edge (~100 eV) of Si for this analysis, however, it could not be done for some samples due to TEM sample thickness constraints.
In Figure 3(a) , a Fourier filtered BF image of a Ni silicide NP embedded in amorphous Si matrix (sample NS5-1) is shown. The NP clearly is single crystalline with cube-like morphology. The EELS analysis was performed along the line shown in Figure 3( Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution by a fitting model. This fitting model includes the low-loss spectra to deconvolve and eliminate the plural scattering effects, and thus enable more accurate data analysis. The resultant atom percentage distribution of Si, O and Ni at various positions along this line is plotted in Figure 3 (b), which clearly shows that, throughout the particle, Ni and Si are consistently present in the ratio of 1:2, thus confirming the composition of synthesized NPs to be NiSi 2 . Based on EELS and TEM analysis on various samples, it was confirmed that NPs with composition NiSi 2 were formed in all three compositional mixtures during the thermal annealing treatment at both 500 and 800°C. This result is consistent with the fact that NiSi 2 is the thermodynamically favored phase at these annealing temperatures. 
Optical behavior
Since the primary goal of this work was to understand the optical absorption in Si thin films, a study of this behavior over the visible as well as infrared wavelengths was carried out. Absorption coefficients of NS5(1-3) and NS8(1-3) annealed at 500 and 800°C were measured and compared against control sample of a-Si thin film (S1) of same total thickness (including top Si layer) as NS5 and NS8 samples as presented in Figures 4 and 5 , respectively. Figure 4 (Figure 4 (a) and (b)) was done in terms of absorption enhancement (ENH%) with respect to S1 as shown in Figure 4 (c), where the plot exhibits the enhancement in visible range while the inset presents it for the infrared (750-3000 nm). Similar analysis was done for all NS8(1-3) and S1 samples as shown in Figure 5 (a)-(c). The ENH% of NS8(1-3) shown in Figure 5 (c) are calculated with respect to S1. Similar to Figure 4 (c), the plot exhibits enhancement in the visible range while inset presents it for the infrared wavelengths. Since a-Si has a band gap of 1·7 eV (~730 nm) which lies within the visible spectrum, the absorption enhancement observed in the visible range is significant and could lead to improved efficiency in PV devices. As seen for the visible range, ENH% increased significantly at each wavelength. In another meaningful observation in Figures 4(c) and 5(c), enhancement maxima were observed in the plots which were between 350 and 450 nm for all the samples. It is possible that these maxima could be due to a plasmonic absorption by NiSi 2 NPs in a-Si matrix, an effect which will be investigated in the future. The total integrated absorption enhancement for each sample in the visible and infrared range was calculated from ENH% plots. As demonstrated in Table  2 , the obtained integrated enhancements were 75 and 85% for NS5-1 and NS5-2, respectively in the visible range, while these were 110 and 150% in the infrared range. For NS8(1-2) samples, integrated absorption enhancement were 6 and 18% in the visible and 37 and 132% in the infrared range. For the higher Ni concentration NP samples (i.e., NS5-3 and NS8-3), the total absorption was even higher, with the enhancements of 98% (visible) and 300% (infrared) for NS5-3 and 40% (visible) and 295% (infrared) for NS8-3. However, since these showed a continuous layer of single crystalline NPs, it is not clear whether such a scenario will have importance as an embedded layer in the PV semiconductor. The optical results confirmed that a significant increase in absorption can be obtained within amorphous Si Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution films, including in the infrared wavelengths where amorphous Si was a poor absorber of light.
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Optical model
To understand the experimentally found absorption behavior of various samples, optical modeling based on an effective medium approach 14, 20, 22 was performed. In the model, NiSi 2 NPs are considered as inclusions in a host a-Si matrix. For NPs with average size d that becomes comparable to electron scattering lengths (<20 nm) such as in this work (Table 2) , the dielectric func- (Table 2 ), the dielectric func-, the dielectric function of the NPs differ from the bulk value due to the effects of enhanced electron surface scattering. Therefore, the imaginary part of the dielectric function (see www.sopra-sa.com, SOPRA database) of the inclusions was expressed by a modified Drude model as 23 :
where ω P is the bulk plasmon resonance frequency, τ Bulk and τ eff are relaxation time for the bulk and NPs respectively, v F is the Fermi velocity, and d is the NP diameter. Next, the effective dielectric function ε eff of a composite layer was calculated, which consisted of the a-Si film+NPs. Using the Bergman-Milton approach, the ε eff was expressed as 14 :
where ε NP and ε Si are the complex dielectric permittivities of embedded NP material (in the present case NiSi 2 ) and a-Si respectively. f NP is the volume fraction of the NP in the a-Si matrix. To calculate the ε eff for the a-Si + NPs layer, the authors used the following experimentally determined quantities: (i) NP composition, (ii) NP size d, (iii) volume fractions f NP and f Si , (iv) average spacing (λ) between NPs and (v) total a-Si + NP film thickness h, which are tabulated in Table 2 . The theoretical optical absorption data gener- Table 2 . The theoretical optical absorption data gener-. The theoretical optical absorption data generated by this approach was compared with the experimental data as shown in Figure 6 (a)-(d) for the S1 and NS5(1-3) samples. As is evident, very good agreement was observed between theory and experiment, suggesting that by incorporating the microstructural information correctly in the model, the optical response can accurately predicted.
Conclusions
In this work, the authors have presented an approach to enhance optical absorption in a-Si ultrathin films by incorporating NiSi 2 NPs. The NPs were synthesized by thermal annealing (at 500 and 800°C) of codeposited Ni and Si thin films. The optical studies showed an integrated absorption enhancement up to ~85% in the visible and ~150% in the infrared range for the NiSi 2 NP embedded a-Si films with respect to pure a-Si films.
In the microscopic analysis, imaging (BF and HAADF) and quantitative model based EELS analysis were used to determine the size, shape, average interparticle spacing and composition of the nickel silicide NPs. Finally, the information was input into an effective medium optical model to understand the relationship between absorption behavior and the microstructure of NiSi 2 NPs embedded a-Si films. The optical model agreed quantitatively with the measured absorption response. This suggests that the effective medium approach is an excellent guide to design new combinations of materials to realize new Si PV materials in a cost-effective manner. Future work will study the effect on photoconductivity in thin film silicon p-n junctions with embedded NiSi 2 NPs.
